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I INTRODUCTION

The purpose of this investigation is to gemerate fatigue data for
refractory alloys at elevated temperatures ln ultra-high vacuum enviromments.
The ultimate objective is to determine whether fatigue life or creep is the
limiting design parameter in turbine applications involving space-power
systems.

Previous reports have described the design and construction of equi t
for conducting fatigue tests in vacuum chambers at temperatures up to 3000°F.
The application of the cyclic stress is accomplished by a piezoelectric system
operating at approximately 20 KHz. Using this apparatus fatigue tests have
been conducted on notched specimens (K7 = 1.75) of TZM at 1800°F (982°C) and
TZC at 2000°F (1093°C). . ,

During this report period additional notched fatigue tests were con-
ducted at 2000°F (1093°C) on T2C alloy from a second heat of material. The
fatigue curve was extremely sensitive to appligd s:sess and a decrease in pegk
dynamic stress values from 20,1 Ksi (1.38 x 10° N/m®) to 15.6 Ksi (1.07 x 10
N/m€) produced a variation in failure time for 0.6 hours (L.l x 107 cycles)
to greater than 143 hours ( > 9.86 x 109 cycles). Tests conducted on smooth
specimens of TZC bar stock defined the resonant wave length at 2000°F (1093°C),
however, no failure_occurred in this material at a peak dynamic stress of
23.9 Ksi (1.65 x 108 N/m?) after 500 hours (3.6 x 1010 cycles).
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II MATERIAIS

The molybdenum-base alloys, TZM and TZC have been included in the test
program. The specific material form, heat numbers, and composition are
presented in Table 1. The TZM alloy has been employed primarily as a working
material to define the effects of noich geometry and to optimize the design
of the load train assembly. The TZC alloy has been evaluated as bar stock
and plate material from two heats (M-89 and M-91). The processing history
of the TZC plate, described in the fifth quarterly report,CR 54775, was significantly
different for each of the heats being evaluated. All the tests conducted
to date on the TZM were performed with the material in the stress-relieved
condition. With the exception of one test which was performed on the stress-
relieved material, the TZC specimens were annealed at 3092°F (1700°C) for one
hour in vacuum prior to testing. Typical microstructures of the TZC from
Heats M-89 and M-91 after annealing are shown in Figure 1. Some cracking
occurred in the TZC specimens from Heat M~91 during heat treatment presumably
as a result of the fact this heat was rolled at a lower temperature and,
therefore, had a higher degree of residual stress. Varying the heating and
cooling rate between 3200°F/hr. and 1600°F/hr. did not alter the tendency for
cracking in the machined specimens. When the annealing treatment was performed
on the as-received plate, only slight surface fissures were evident and
sufficient stock was available to allow full-size specimens to be machined
from the plate.
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Figure 1.

Heat M-91

Microstructure of TZC Material, Annealed 3092°F
(1700°C), 1 Hour, Etchant: 15%HF, 15% Hy30)
B#HNO3, 62%Hp0, 100X.

R
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III PROCEDURE

The program plan involved conducting fatigue tests at approximately
20 kHz on both smooth and notched specimens. Since sufficient stress could
not be generated on the smooth specimens to consistently produce a failure
at a test temperature of 2000°F (1093°C) considerable effort was devoted to
varying the load train design so that increased ultrasonic drive could be
developed.

The test specimen geometries are shown in Figures 2, 3, and 4. Two
types of smooth specimens were used. The initial design consisted of a
dumb-bell type and was selected on the basis of calculations presented by
Neppirasl®. During the course of the testing it became evident that the
specimen dimensions required alteration to’ develop resonant conditions at
the test temperature and the optimum drive frequency for the ultrasonie
generator. This initial specimen tuning was more readily accomplished with
the stepped specimen shown in Figure 3. The notch specimen (Figure L) was
a dumb-bell type with a 1/4" major diameter, a 1/32" notch radius and a minor
diameter of 0,174". The test method involved mechanically mounting the
specimen to the drive train, pumping the units to a vacuum better than
-1 x 10™° Torr at room temperature, and tlnn_?ating the specimen at a rate
so that the pressure never exceeded 1 x 107> Torr.

A W-3% Re/W-25% Re thermocouple placed approximately 1/8 inch from the
surface at the specimen midpoint was used for temperature measurement. Due
to breakage produced by the vibration, the thermocouple could not be attached
directly to the specimen. The temperature was stabilized for approximately
two hours and then the cyclic load was applied.

As a result of the application of the high frequency cyclic load,
heating of the fatigue specimen took place. The degree of heating was dep-
endent upon the power applied to the system. In determining the S-N curve,
the ambient test temperature; i.e., the temperature recorded by the thermo-
couple, was set at a fixed value for each test., At the high stress levels
where significant heating of the specimen occurred, the test time was
sufficiently short so that a readjustment of the furnace temperature to
compensate for the self-heating could not be accomplished. At the low
values of applied dynamic stiress, the temperature increase was very slight
and no adjustment of the furnace temperature was usually necessary. Although
the data are presented for constant values of the ambient temperature, the
actual specimen temperature was also recorded in cases where the test
duration was sufficient to allow time for accurate readings. The temperature
increase due to self-heating was obtained by measuring the difference in
specimen brightness temperature before and after the application of the
c¢yclic load with an L-N optical pyrometer.

# Superscript numbers pertain to references in the Bibliography.
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The applied dynamic stress produced by the ultrasonic vibration was
determined from displacement measurements made directly on the specimen with
a cathetometer. In the dumb-bell specimens two reference points were sel-
ected approximately equidistant from the specimen midpoint and the displace-
ments at these points were determined by averaging 30 readings. The variation
in these readings was approximately 350 #~in. The displacement along the
specimen was assumed to follow the sinosoidal relationship:

where: 2 Sx is the total measured displacement at a point X from the
sgecimen midpoint,
0 is the maximum amplitude, and
A is the resonant wave length.

The maximum strain at the midpoint of the dumb-bell type specimen can then be
determined from the equation:

2T S,
€ nax = N (2)

and the dynamic stress ( O ) is the product of the strain and the elastic
modulus at the particular test temperature

O = (€nax) (E) (3)

In the case of the stepped specimen the stress was determined by measuring
the displacement of the specimen end ( 2§, ) which was used with equations
(2) and (3) to provide a stress value.

when the notch specimen was employed, the calculations of stress based
on the displacement measurements taken on the major diameter must be increased
by the area ratio 2.11 and the theoretical stress concentration factor#
(Kp = 1.75). On this basis the stress in the notch specimen was calculated
from the following relation:

C- 3.69(4-}_5,,5) (1)

# Previous reports on this program used an effective stress concentration
factor Ky = 1.5 rather than the theoretical stress concentration factor
(KT) of 1.75. In the current report the theoretical factor will be used
since this represents the maximum factor and since some doubt still exists
as to the exact value of Kf which is applicable.



A1l the tests were conducted in the 18.0 to 21.0kHz range.
Cracking of the test specimen was accompanied by a significant decrease in
the resonant frequency. Although the end point was defined as the point
when this rapid shift in resonance occurred the test was continued until
the desired amplitude could no longer be obtained. This condition usually
resulted in propagating the fatigue crack through approximately one-half
the specimen cross-section.

10
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IV RESULTS AND DISCUSSION

1. Smooth Specimen Tests

The test results obtained from the smooth specimen geometry are
summarized in Table 2. The initial tests were conducted with stepped specimens
of TZC bar stock. The purpose of the first test performed on TZC (stress
relieved 1/2 hour at 2200°F, 1204°C) was to determine the resonant wave length
of the material at the 200C°F (1093°C) test temperature. Premature failure
occurred in the specimen at.a very slight tool mark after 24 mimutes of
operation (2.9 x 107 cycles) at a peak stress of 26.8 Ksi (1.85 x 108N/m?).

A second test was performed on TZC bar stock using a ground specimen (surface
finish «€15RMS) that was annealed at 3092°F (1700°C) for 1 hour. %1 this
case the applied stress level was decreased to 23.9 Ksi (1.65 x 10°N/m2)

in an effort to obtain a longer test period which would allow measurements

of displacement to he performed along the length of the rod. The variation
of displacement along the rod is shown in Figure 5. The results indicate
that the displacement in the TZC at the ambient temperature of 2000°F (1093°C)
follows a cosine function and has a resonant wave length of 9.80 inches.
Using this value of wave length, the density from room temperature measure-
ments and the coefficient of expansion, the elastic modulus at 2000°F (1093°C)
was determined to be 35.8 x 10° psi which is in excellent agreemeny, with the
published values for the molybdenum alloy at the same temperature ~.

The test on the stepped specimen at a peak stress of 23.9 Ksi (1.65 x
lOBN/mZ) and 2000°F (1093°C) was: contimued for 500 hours (3.6 x 1010 cycles)
without producing any indication of failure. After this test period the drive
voltage applied to the specimen was increased to produce a stress of 30 Ksi
(2,07 x 10°N/m?) and the test was continued for 16 hours (1.15 x 109 cycles)
without producing a failure. Additional tesits will be performed with the
stepped specimen to determine the maximum dynamic stress that can be generated
in the apparatus. Using the measured resonant wave length of 9.80 inches, the
smooth dumb-bell type specimens were redésigned to a total length of 2.94
inches and tests will be conducted with this configuration at an A# ratio of
®, 0.67, and 0,25, :

24 Notch Specimen Tests

The notch fatigue tests during this quarter were performed at 2000°F
(1093°C) on TZC material from Heat M-91), annealed 1 hour at 3092°F (1700°C).
A summary of the test results are presented in Table 3 and Figure 6. As in
the previously reported results for the stress relieved TZM, the notch fatigue
properties of the recrystallized TZC were exiremely sensitive to applied stress.

# Ratio of dynamic to mean stress
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The points obtained on the TZC at an A ratio of approximately 0.67 are
also presented in Figure 6.

A comparison between the notch fatigue test results from TZC
Heats M=89 and M-91 and TZM (Heat 7463) is given in Figure 7. In general
the fatigue life has the expected very stong dependence on applied stress.
An exception to this generalization was evident in three test points obtained
from TZC specimens from Heat M-89. No explanation is available for this
apparent difference between the two heats of materials at the short test
times.

As reported in the Fifth Quarterly Report no reason is apparent as
to why the notch specimens of TZC from He?t H-91 failed at a calculated
peak stress as low as 10,5 Ksi (7.2L4 x 10/N/m¢) while smooth spe ens from
the same heat did not fail at a peak stress of 15 Ksi (1.03 x 10
after 69 hours (4.8 x 10° cycles). Since the use of the theoretlcal stress
concentration factor and the area ratio represent the maximm stress elevation,
they should tend to overestimate the peak stress value. A question existed as
to whether the use of high frequency would produce a heterogenesous siress dis=
tribution at the motch which was greater than the simple area ratio correction.
To examine the point, room temperature tests were conducted at 20.2 KHz on
Armco iron using specimens with varying stress concentration factors. A
stepped specimen was used and cooling was accomplished by immersing the
specimen in a water bath. A summary of the test data is presented in Table
i and plotted in terms of calculated peak stress in Figure 8. The results
indicate that despite statistical scatter there is relatively good agreement
in the data when presented in fterms of peak stress values. On this basis
the difference between the notch and smooth results does not appear to be
related to gross errors in the notch factor calculations. Additional tests
with varying notch geometries will be conducted with TZM at 2000°F (1093°C).

3. Equipment Modification

In an effort to increase the displacement produced by the ultrasonic
drive system several modifications were made in the designof the amplifi-
cation horns. A comparison between the initial design and the resultant
modification is schematically shown in Figure 9,. The modification involved
the following factors:

l. Eliminating the thick weld joint at the vacuum chamber flange,

2. Substituting a 1/2" diameter stub for the 1" stub as the primary
train member, and

3. Boring out the center of the stubs.

16
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PEAK STRESS - KSI (6.89 X 105 N/m2)
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The removal of the thick weld joint eliminated a possible con-
straint at the flange. Thé Viton seal which is currently being used, will
ultimately be replaced by a thin welded or brazed diaphragm. The use of
a hollow 1/2" stub in place of the 1" diameter stub as the primary train
component reduced the mass that the drive system must vibrate if operating
slightly off resonance. Each individual component of the drive train was
experimentally tuned to insure maximum output.

Attempts were made to further increase_the drive output by using
the horn design described by Girard and Vidall. In this design the horn
is driven slightly off the nodal point position rather than at the anti-
node. Substantial increases in drive amplitude were obtained with this system,
however, the sensitivity to tuning was very critical. Due to this tuning
sensitivity the use of the modified horn design was discontinued.

A second approach to increase the drive output involved obtaining a
commercially-available 1000 watt magnetostrictive# unit. Although this unit
is still in the process of being evaluated, displacements greater than
L4000 m~inches have been measured at the end of the stepped specimens when
these specimens are maintained at room temperature. When cooling is
eliminated so that self-heating occurs or when the specimens are heated
in the vacuum test chambers, a substantial decrease in output occurs
despite the fact that the system is satisfactorily tuned for the particular
test temperature. Typical results obtained on the magnetostrictive drive
systems at various test temperatures are shown in Table 5. These results
coupled with previous data on the piezoelectric system indicate that the
higher test temperature may be producing a substantial increase in damping
which minimizes the resulting displacements. Tests will be conducted with
the magnetostrictive drive at high power inputs in an attempt to determine
the extent to which damping minimizes the available drive output.

# Blackstone Corporation, Sheffield, Pennsylvania
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TABLE 5

INFLUENCE OF TEST TEMPERATURE ON THE DRIVE AMPLITUDE

Ambient
Temperature Double Amplitude (28,) Resonant

Drive System °F °C (M~ inches) Frequency (KHZ)
Piezoelectric 76 2L 1800 20.65

n 1100 593 1100 20.30

" 2000 1093 900 19.92
Magnetostrictive 76 2L 200 22,02

n 1200 593 2000 20,98

" 2000 1093 1500 2.39
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V_FUTURE WORK

Notch tests will be conducted on TZC plate material to produce
fatigue curves at A ratios of M to 0,67. Tests on the smooth specimen
geometry will be continued at an A ratio of 0,67 and 0.25 in an attempt
to produce a meaningful Goodman-type diagram. The influence of notch
geometry on the fatigue strength of the molybdenum alloys at elevated
temperatures will be studied in TZM bar stock in an attempt to define
the reason for the differences between smooth and notch test results.
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